Objectives Bone loss is a well-established consequence of rheumatoid arthritis (rA). to date, bone disease in rA is exclusively characterised by bone density measurements, while the functional properties of bone in rA are undefined. this study aimed to define the impact of rA on the functional properties of bone, such as failure load and stiffness. Methods Micro-finite element analysis (µFEA) was carried out to measure failure load and stiffness of bone based on high-resolution peripheral quantitative Ct data from the distal radius of anti-citrullinated protein antibody (ACpA)-positive rA (rA+), ACpA-negative rA (rA−) and healthy controls (HC). In addition, total, trabecular and cortical bone densities as well as microstructural parameters of bone were recorded. Correlations and multivariate models were used to determine the role of demographic, disease-specific and structural data of bone strength as well as its relation to prevalent fractures. results 276 individuals were analysed. Failure load and stiffness (both p<0.001) of bone were decreased in rA+, but not rA−, compared with HC. Lower bone strength affected both female and male patients with rA+, was related to longer disease duration and significantly (stiffness p=0.020; failure load p=0.012) associated with the occurrence of osteoporotic fractures. Impaired bone strength was correlated with altered bone density and microstructural parameters, which were all decreased in rA+. Multivariate models showed that ACpA status (p=0.007) and sex (p<0.001) were independently associated with reduced biomechanical properties of bone in rA. Conclusion In summary, µFEA showed that bone strength is significantly decreased in rA+ and associated with fractures.
IntrOduCtIOn
Rheumatoid arthritis (RA) is an inflammatory joint disease associated with bone destruction and increased fracture risk. 1 2 While traditionally most attention in RA-related bone disease is drawn to periarticular bone erosions forming, the development of generalised bone loss in RA is of no less importance as it precipitates the increased fracture risk immanent to patients with RA. 3 4 Accumulating evidence suggests that bone loss in RA is driven to a large extent by the presence of anti-citrullinated protein antibodies (ACPA), which enhance osteoclastogenesis and thereby accelerate skeletal disease. [5] [6] [7] [8] [9] [10] [11] In support of this concept, there is good clinical evidence that local bone disease is more pronounced in patients with RA with ACPA 9 11 and also some evidence for more severe systemic bone loss. 10 Although several studies have documented the loss of bone mass in patients with RA and some studies provided evidence for both cortical and trabecular bone loss in RA, 11 the functional impact of these structural changes for the stability of bone in RA are yet unknown. Hence, while we perceive that fracture risk is increased in RA, we do not really know whether the morphological changes of bone recorded in radiographic studies are indeed impacting the stability of bone. Micro-finite element analysis (µFEA) is a novel technique, which is increasingly used to characterise the biomechanical properties of bone and relate them to its microstructure. [12] [13] [14] This technique has been developed based on the availability of highquality bone structure analyses in humans in vivo using high-resolution peripheral quantitative CT (HR-pQCT) scanners. [15] [16] [17] [18] µFEA uses these data and mathematically models stiffness and failure load of the radius during a fall on the outstretched hand. Studies performed in healthy individuals have shown that µFEA accurately predicts bone strength and also allows better identification of individuals with fragility fractures than it can be achieved by the measurement of bone density. 14 Hence, µFEA constitutes an attractive technology to better characterise the impact of bone changes in patients with systemic inflammatory diseases. ACPA-positive RA represents a paradigm disease to study µFEA as it is associated by changes in the bone microstructure and complicated by increased fracture risk. To characterise the mechanical properties of bone in RA, we applied µFEA in a cohort of patients with ACPA-positive RA (RA+) and ACPA-negative RA (RA−) and compared bone strength and stiffness of the distal radius of patients with RA+ and RA− with healthy controls. Furthermore, we aimed to define the demographic, disease-related and bone structural factors that are associated with bone strength in ACPA-positive RA. Finally, µFEA results were also related to fragility fractures in patients with ACPA-positive RA.
MethOds

Patients with rA and controls
Healthy controls (HC) and patients with RA were part of the Erlangen Imaging Cohort (ERIC), which 
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prospectively assesses bone composition in healthy individuals and patients with inflammatory arthritis. 19 In ERIC, 225 patients with RA were imaged in 2015 and 2016, 180 of them (80%) had motion grades 1-3 allowing proper analysis of bone structural parameters (16) . The 180 analysed patients were representative for the entire cohort with similar sex, age and disease-specific parameters. All participants were recruited at the Department of Internal Medicine 3 of the University of Erlangen-Nuremberg and were clinically examined by an experienced rheumatologist (AK, JR, AJH). Patients with RA+ and RA− fulfilling the 2010 American College of Rheumatology/European League Against Rheumatism classification criteria were recruited. HC had to have (1) no signs of joint pain or swelling, (2) no presence of inflammatory or other chronic diseases, (3) no documented osteopaenia, osteoporosis or low-impact fracture or present/ past use of bisphosphonates or prednisolone and (4) no positive test for autoantibodies such as ACPA or rheumatoid factor. 19 Demographic (age, sex, body mass index (BMI), smoking status) and disease-specific (disease duration, disease activity by Disease Activity Score-28, physical function by Health Assessment Questionnaire Disability Index, use of disease-modifying anti-rheumatic drugs (DMARDs), prednisolone and bisphosphonates, ACPA positivity and rheumatoid factor positivity) data were recorded. Fracture status was documented differentiating high-impact (sport injuries and accidents) from low-impact fractures (spontaneous or fall from walking or standing position). The study was conducted on approval of the local ethics committee of the University Clinic of Erlangen and with the authorisation of the National Radiation Safety Agency (Bundesamt für Strahlenschutz). Each individual provided informed consent.
hr-pQCt measurement
HR-pQCT was performed at the distal radius of the dominant hand by XtremeCT I scanner (Scanco Medical) using the manufacturer's default protocol for in vivo patient imaging. Measurements were carried out with an offset of 9.5 mm proximal to the reference line, which was manually set. 15 16 19 An anteriorposterior scout view determined the region of interest. One hundred eleven slices (82 µm nominal isotropic voxel size, 60 kVp effective energy, 900 µA) were taken. Standard analysis software (V.6.0) was used to determine the following density parameters: volumetric bone mineral density (vBMD) of total (Dtotal), trabecular (Dtrab), meta-trabecular (Dmeta), inner-trabecular (Dinn) and cortical bone (Dcomp (all in mg HA/cm³)), ratio of meta-to-inner density (Meta/Inn, %) and cross-sectional bone area (mm²). 15 16 Bone microstructure was evaluated by determining trabecular bone volume fraction (BV/TV, %), trabecular number (Tb.N (1/mm)), thickness (Tb.Th (mm)), separation (Tb. Sp (mm)), network inhomogeneity (SD of 1/trabecular number, Tb.1/N.SD (mm)) as well as cortical thickness (Ct.Th (mm)). 15 16 
Micro-finite element analysis
For µFEA, finite element analysis software (FAIM, V.8.0; Numerics88 Solution, Calgary, Canada) was used. In order to generate micro-finite element models, the segmented trabecular network and cortex of the HR-pQCT images were used. 20 Mesh size of the resulting models ranged from 1.5 to 3.5 million equally sized brick elements. Single linear isotropic tissue modelling was applied by assigning a tissue modulus of 6829 MPa and a Poisson's ratio of 0.3 homogeneously to each element. 13 A linear uniaxial compression test was simulated. Nodes on the proximal bone surface were fixed in z direction but unconstrained in x and y directions. Nodes on the distal bone surface were also free in x and y direction but exposed to a displacement equivalent to 1% strain along the z-axis. 13 Axial bone stiffness (kN/mm) as reaction force (RFz) divided by average displacement of the distal surface (Uz) and bone strength as estimated failure load (N) based on the Pistoia criterion was calculated. 12 
statistical analysis
Statistical analyses were performed to test whether (1) groups (RA+, RA−, HC) were comparable with respect to demographic and disease-specific parameters, (2) bone strength and structural parameters differed among the groups and (3) sex and disease duration influence bone strength. In addition, we aimed to define independent factors associated with bone strength in the total population as well as in patients with RA+. Data were analysed using IBM SPSS V.21.0 (IBM, Armonk, New York, USA). Categorical variables are provided as numbers and percentages, continuous variables as mean±SD. Differences in frequency distributions of categorical variables were tested using χ 2 inferential tests. Assumptions of normally distributed continuous variables were tested using quantile-quantile plots as well as Kolmogorov-Smirnov and Shapiro-Wilk test. Clinical, bone structural and µFEA parameters were compared by using Kruskal-Wallis test (KW) with subsequent pairwise Mann-Whitney U tests, if KW test was significant. For correlating vBMD data with bone strength, Spearman's rank correlation coefficient (r s ) was used. In order to account for multiple testing, we applied Bonferroni-Holm adjustment for subgroup comparisons. Critical P values for adjusted levels of significance are shown in the corresponding tables. For all other comparisons, P values ≤0.05 were considered significant; all inferential tests were two-tailed. The direction of differences and relations is indicated by descriptive additional information or test coefficients.
To determine factors for bone strength in patients with RA, two multiple linear regression models using forced entry method for predictor inclusion were calculated in the RA patient subgroup. In the first model, we chose failure load as dependent variable, whereas in the second model stiffness was selected to be the dependent variable. In both models, sex, age, BMI, disease duration, biological DMARD use and ACPA status were entered as independent variables. In the third and fourth linear regression models, the total sample, consisting of healthy controls and patients with RA+ and RA−, was included, whereas failure load and stiffness, respectively, were selected as dependent variables while sex, age, BMI, biological DMARD use (for healthy controls set to no) and ACPA entity (dummy coded with healthy participants being the reference) were entered as independent variables. In regression models 3 and 4, information on ACPA status is reflected by the dummy coding procedure, that is, the coding scheme for RA+ versus HC is congruent to ACPA status in models 1 and 2.
results
Characteristics of patients and controls
A total of 276 Caucasian individuals (96 RA+, 84 RA− and 96 HC) were analysed. Age and sex distributions were not significantly different between the three groups. Smoking was more frequent among patients with RA+ (RA+: 24.0% vs HC: 7.3%, P=0.001), while BMI was higher in the RA+ (26.2±5.1; P=0.009) and RA− groups (26.8±5.8; P=0.007) than in HC (24.5±3.7). RA+ and RA− groups did not significantly differ in disease duration, disease activity, physical function and DMARD treatment. Detailed information on demographic and disease-specific characteristics are listed in table 1.
bone strength is reduced in patients with rA+
We first analysed whether bone strength is impaired in patients with RA+ and patients with RA− compared with HC. When assessing bone biomechanical properties by µFEA, patients with RA+, but not RA−, showed significantly lower stiffness and failure load compared with HC (stiffness: 36.4±13.9 vs 45.3±14.6 kN/mm, P<0.001; failure load: 1771±619 vs 2184±667 N, P<0.001) (table 2, figure 1) . Furthermore, when patients with RA+ were compared with patients with RA−, stiffness and failure load were significantly decreased in patients with RA+ ( figure 1, table 2 ). In addition, also cortical thickness was lower in patients with RA+ than in HC (0.59±0.21 vs 0.67±0.18 mm, P=0.012). Bone structure in RA− was fundamentally different: First, cortical vBMD was even higher in RA− than in HC. In addition, while trabecular vBMD was decreased in RA− compared with HC, trabecular bone loss was less pronounced than in RA+. Finally, total vBMD in RA− was not reduced as compared with HC (table 2) .
Correlation between bone strength and structure in rA
We hypothesised that bone strength is related to structure in patients with RA. Indeed, failure load in patients with RA+ (r s =0.65; r s =0.64), like in patients with RA− (r s =0.58; r s =0.74) and HC (r s =0.44, r s =0.62), was significantly (all P<0.001) correlated to total vBMD and trabecular vBMD, respectively. Stiffness of bone was also significantly (all P<0.001) related to total (RA+: r s =0.68, RA−: r s =0.62, HC: r s =0.47) and trabecular vBMD (RA+: r s =0.61 RA−: r s =0.75, HC: r s =0.63). Interestingly, however, only patients with RA showed a correlation between bone strength and cortical vBMD (RA+: r s =0.24, P=0.021; RA−: r s =0.28, P=0.009), while there was no significant correlation in HC.
sex effects on bone strength in rA
We then characterised sex-dependent differences of bone strength in RA. Failure load (2331±584 vs 1563±492 n, P<0.001) and stiffness (48.0±13.5 vs 32.1±11.4 kN/mm, P<0.001) were 
Impact of disease duration on bone strength
We next analysed whether bone strength in RA is associated with disease duration. We compared stiffness and failure load in three groups of patients with RA+ and RA− with different disease durations (≤2 years: n=24; >2−<6 years: n=18; ≥6 years: n=54). In patients with RA+, stiffness of bone significantly declined with disease duration from 43.4±10.6 kN/mm (≤2 years) to 33.2±13.4 kN/mm (>2−<6 years; P=0.001) and 34.4±14.5 kN/mm (≥6 years: P=0.003). Similarly, figure 1 ). No such decline of stiffness and failure load was found in RA− (table 4). Furthermore, age of patients with RA+ with ≤2 years in disease duration did not differ from the ones with >2 years in disease duration. In accordance with the decline of biomechanical properties, also the volumetric and microstructural characteristics of bone declined with disease duration. Hence, especially volumetric BMD and microstructural parameters of the trabecular bone continuously decreased the longer patients with RA+ had been afflicted by disease (table 4).
lower bone strength in patients with rA+ with low-impact fractures
We hypothesised that bone strength in patients with RA is associated with prevalent fractures and particularly focused on low-impact fractures that occurred after the diagnosis of RA. Although the absolute number of patients with RA+ with fractures was limited (n=9), those patients had significantly lower bone stiffness (28.0±9.4 kN/mm; P=0.020) and failure load (1374±412 N; P=0.012) along with lower trabecular vBMD (99±33; P=0.012) compared with patients with RA+ without fractures (stiffness: 39.1±14.2 kN/mm; failure load: 1890±638 N; trabecular vBMD: 138±45) suggesting that poor biomechanical properties of bone are associated with fracture. In contrast, very few fractures (n=3) occurred in patients with RA− with no association to bone strength.
Factors determining bone strength in rA
In order to search for parameters that influence failure load in patients with RA, we calculated linear regression models with sex, age, BMI, disease duration, biological DMARD use and ACPA status as independent variables. The first model accounted for 31.9% of the variance of failure load. Sex (P<0.001), age (P=0.040) and ACPA status (P=0.007) were independently associated with failure load of bone in RA. We calculated a similar model for bone stiffness using the same independent variables. This model accounted for a similar amount of variance (28.3%), again showing sex (P<0.001), age (P=0.038) and ACPA status (P=0.007) to be negatively and independently associated with reduced biomechanical properties of bone in patients with RA.
Two further regression models of failure load and stiffness including the total sample accounted for 43.9% of the variance of failure load and 40.4% of the variance of stiffness. In both models, sex, age and RA+ versus HC (ie, ACPA positivity) were negatively associated with the dependent variables (all P≤0.006). All results of regression models are depicted in online supplementary table 1.
dIsCussIOn
The vast majority of knowledge on systemic bone loss in RA comes from dual energy X-ray absorptiometry studies, which do not take into account potential changes of bone microstructure. More recent analyses supported the notion that RA is characterised by substantial impairment of bone microstructure suggesting that its biomechanical properties may indeed Clinical and epidemiological research be significantly altered. Nonetheless, the biomechanical properties of bone in patients with RA have not been characterised. This study now clearly shows that failure load and stiffness of bone are significantly impaired in both female and male patients with RA. We used µFEA to define the biomechanical properties of bone in RA, which is currently the most advanced method to define the functional qualities of bone. To date, µFEA has been largely applied in healthy individuals, [21] [22] [23] [24] [25] [26] [27] [28] [29] where fracture risk association has been described, [27] [28] [29] 34 and end-stage renal failure. 35 In contrast, biomechanical properties of bone in inflammatory diseases, especially in RA, remained inadequately characterised. While one small study found reduced bone strength in patients with ankylosing spondylitis, 36 another study performed in RA failed to show such changes. 37 However, these latter data need to be seen with caution as they are based on a rather small number of patients, who were characterised by surprisingly high bone mass-potentially based on their ethnic background, which makes differentiation from controls challenging. 38 Furthermore, the study lacked important disease characteristics of RA such as ACPA status, which is essential since ACPA have shown to play a causal role in RA-related bone loss by inducing osteoclast differentiation. [5] [6] [7] In our study comprising more than 250 patients and controls, bone strength was significantly reduced in patients with RA+. Our analyses showed that only patients with RA+ but not patients with RA− had a lower failure load and stiffness underlining the concept that patients with RA+ are a distinct population with respect to genetic background, pathogenesis and clinical manifestation of the disease. 1 The differences in bone strength between patients with RA+ and RA− are likely based on the previously shown functional properties of ACPA and RF in inducing osteoclast differentiation 5 6 39 and provide solid clinical evidence that the bone composition and strength in patients with RA depends on the presence of autoantibodies. In accordance and reflecting our previous data total, trabecular and cortical volumetric bone mineral densities as well as microstructural parameters of bone were all reduced in patients with RA+. 11 Importantly, the differences in bone strength between RA+ and HC groups were found in both women and men and were related to disease duration. Most strikingly, however, low failure load and stiffness in patients with RA+ were associated with higher prevalence of osteoporotic fractures. This latter finding suggests that measurement of bone strength identified patients with RA at risk for fragility fracture.
Total, trabecular and cortical volumetric bone density in patients with RA+ were lower than those previously described in ankylosing spondylitis, 36 40 inflammatory bowel diseases, 41 psoriatic arthritis and psoriasis 42 or even osteogenesis imperfecta. 43 Similarl compromised bone was only described in postmenopausal women with fractures 16 28 44 and for men with pathological fractures. 32 Notably, however, patients with RA+ in our study were approximately 20 years younger than the participants included in the aforementioned studies. Published normative data on radial bones from healthy individuals measured by HR-pQCT also show substantially higher bone densities for comparable ages. 15 45 From these normative data, it appears that bone in patients with RA+ has adopted the properties that are characteristic for the bone of a healthy individual 20 years older. In summary, this study shows that bone strength is significantly reduced in both female and male patients with RA+ and associated with the development of osteoporotic fractures. Reduced bone strength in patients with RA+ results from profound changes in bone volumetric density and microarchitecture resembling the structural features of bone of a healthy individual 20 years older.
